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ABSTRACT

For a variety of mechanical and electrical reasons, the
U.S. Army prefers to use a wire antenna for its mobile
applications in the HF and VHF bands. However due to the
rapid fluctuation of impedance with frequency, a simple wire
antenna is not suitable. This research will look into the
aspects of electronic switching of the antenna length and
electronic switching of the accompanying tuning network for
frequency hopping applications. Two separate schemes will be
studied. The first one involves a chosen wire antenna loaded
with PIN diodes. The diodes will be selectively switched ON
or OFF at different frequencies to control the input impedance
of the antenna. In the second scheme, a monopole antenna of
fixed length will be considered and data on its input
impedance over many sub-bands within 30 to 90 MHz will be
generated. Tuning networks composed of resistors, inductors
and capacitors will be designed over each sub-band. The
various networks will then be connected via PIN diodes and

selectively switched to provide matching over a much wider
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I. INTRODUCTION

A. BACKGROUND

For a variety of mechanical and electrical reasons, the
U.S. Army prefers to use a monopole antenna for mobile
applications at HF and VHF bands. However, a simple
conducting wire antenna being electrically small is extremely
narrow band with respect to both its input impedance and
radiation pattern. To improve its bandwidth, the antenna is
usually loaded with resistance or reactance along its length.
Lumped loading or tapered resistive loading have been employed
in the past as some of the techniques of loading the antenna.
An attempt had been made by Janaswamy [Ref. 1] to design a
broadband monopole antenna by using the continuous resistive
profile proposed by Wu and King [Ref. 2]. The resistively
loaded antenna can produce significant matching bandwidth, but
at the expense of extreme reduction in the efficiency of the
antenna. A new loading technigue that uses inductive loading
in addition to the resistive tapering has been proposed by
Little, Ramahi and Mittra [Ref. 3]. The new tapered inductive
loading 1is employed primarily to counteract the high
capacitive reactance at the lower end of the frequency band

and thus increase the radiating power of the antenna [Ref. 3].




B. RESEARCH DEFINITIONS

This research will attempt to design a broadband monopole
antenna with a relatively high efficiency over the frequency
band of 30 to 90 MHz. Two separate designs will be
considered. In the first design, the electrical length of the
monopole will be switched electronically by means of PIN
diodes so as to maintain an approximately flat input
impedance. A tuning network will be designed to effectively
compensate for the impedance variations of the monopole and
provide a relatively flat gain over the desired band. 1In the
second design, a monopole antenna of fixed length will be
considered. Since it is difficult to design a single matching
network over the entire band, we divide the frequency band of
30 to 90 MHz into a number of sub-bands. Tuning networks will
be designed separately for each sub-band. The networks will
then be combined using PIN diodes which will be selectively
switched ON or OFF to provide matching over a large band.

In both of the above schemes, the instantaneous bandwidth
of the system comprised of the antenna and tuning network is
narrow, but the system is switched electronically so that it
effectively 'hops' with the radio. 1In both of the designs a
1.5 m long monopole antenna will be considered and the VSWR as
seen from a 50 ohm generator will be maintained less than 2:1

ratio.




Current state-of-the-art techniques and commercially
available design and simulation codes will be used in aiding
this research. The WIRE program [Ref. 4] will be used to
obtain input impedance, radiation patterns and current
distribution of the monopole antenna. The MATCHNET program
[Ref. 5] will be employed to synthesize the matching networks.
The EEsof TOUCHSTONE program [Ref. 6] will be used to simulate
and optimize individual and ccmbined responses of the matching
networks resulting from MATCHNET. Detailed discussions on
the capabilities of each code and its applications are given

in Appendices A, B and C.




II. DESIGN SCHEMES

In this chapter the two design schemes, the diode
parameters, and the Bode-Fano criterion will be discussed. The
diode parameters and its equivalent circuit will be discussed
in Section A. Locations of the diodes on the antenna and its
input impedance at the feed point for two different loadings
will be discussed in Section B. In Section C, a brief
description of the second design scheme will be given.
Finally, the Bode-Fano criterion will be discussed in Section

D.

A. PIN DIODE PARAMETERS

A commonly used device in switching applications is a PIN
diode. The device has two states, one having a very low
impedance obtained by switching the diode ON, and the other
having a very high impedance obtained by switching the diode
OFF. A device with small capacitance can be created by
inserting an intrinsic (i-) region between the p- and n-type
layers. The breakdown voltage is also high if the i-region is
wide. The forward biased resistance, on the other hand, can
be as low as that of a p-n junction diode [Ref. 7].

Figure 2.1 illustrates the equivalent circuit of the PIN

diode for our applications. The signal takes the bottom path




when the device 1is switched ON and top path when it is

switched OFF. 1In the ON state the diode has a relatively
small impedance of 3 ohms, and in the OFF state it has an
extremely high impedance. We have decided to use the circuit
parameters of a glass surface mount PIN diode for our study.
The circuit element values for the selected PIN diode are
obtained from the data sheet of the manufacturer which is

shown in Fiqure 2.2 [Ref. 8].
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Figure 2.1 PIN Diode Equivalent Circuit

B. A 1.5 METER WIRE ANTENNA LOADED WITE PIN DIODES

The first scheme consists of a 1.5 meter antenna loaded
with PIN diodes along its length. The diodes will be
selectively switched ON or OFF to control the electrical

length of the antenna which, in turn, controls the input

impedance. Two different loading techniques are considered.
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Figure 2.2 Specification Curves of the Selected PIN Diode
(From Reference (8])
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1. The First Type of Loading

Figure 2.5 illustrates the monopole antenna loaded
with four PIN diodes and their exact locations along the
antenna. The placement of the diodes for this type of loading
is determined by the requirement that the antenna have the
same electrical length at certain spot frequencies over 30-90
MHz. The electrical length of the monopole at 30 MHz is
0.154, where A is the free space wavelength. To maintain the
same electrical length at 45 MHz, the first diode will be
placed at a distance of 1.0 m from the base and switched OFF
at 45 MHz. Table 1 shows the exact location of each diode and
the corresponding frequency at which it is switched OFF. The
details of the calculation are described in the next chapter.

The impedance seen at the feed point as a result of
using non-ideal diodes will be examined first. We have used
the WIRE program [Ref. 4] to generate this data. Table 2
lists the antenna input impedance seen at the feed point. For
the sake of comparison, the input impedance without the use of
diodes is also shown. It is seen that the variations in the
input impedance of the antenna are significantly reduced due
to loading. The input impedance is not flat because of the
non-ideal characteristics of the diodes and due to mutual
coupling with the wires in the switched off sections. A
matching network that reduces the frequency variations of the

impedance will be designed in the next chapter.




D1
3
D2 K3
150 m
D3 1.00 m
%
0.7 m
D4
0.60 m
050 m
4 l L 4 L 4 4

Figure 2.3 The First 1.5 m Monopole Wire Antenna Loaded with
PIN Diodes
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TABLE 1

THE DIODE LOCATIONS ON THE ANTENNA

Diodes ----:;:;tion (Meters) Switchin;-----
Frequency (MHz)
D1 1.00 45
D2 0.75 60
D3 0.60 75
lID4 0.50 90
EEEPE 2. ANTENNA INPUT IMPEDANCE
B Input Impedance (Q)
Frequency (MHz) Unloaded Loaded with Diodes
30 9.797-3194.3 13.59-7192.6
35 14.45-3131.8 18.76-3131.1
40 20.08-377.58 25.87-377.70
45 29.56-327.44 19.65-3172.6
50 41.87+321.50 22.33-3134.5
55 49.66+371.72 26.04-3100.4
60 86.27+3125.4 17.28-3158.2
65 127.8+3184.3 19.26-3131.1
70 195.9+3248.0 21.78-3106.2
75 311.7+3306.7 15.62-9149.7
80 504.4+3316.9 17.17-54129.0
85 744.4+3162.6 19.03-3109.6

798.9-7188.0

690

14.90-4137.6




2. The Second Type of Loading

We considered a second mnonopole antenna with a
different set of diode locations. Figure 2.4 illustrates the
second monopole antenna loaded with PIN diocdes together with
their exact locations along the antenna. The placement of the
diodes in this case is based on making the antenna length
resonant at some spot frequencies. The first resonant
frequency of the antenna occurs around 50 MHz where its
electrical length is approximately 0.25A. To make the antenna
length resonant at 60 MHz, the first diode is placed at a
distance of 1.25 m from the base and switched OFF at 60 MHz.
Other diodes are placed in a similar fashion. Table 3 shows
the exact location of each diode with the corresponding
switching frequency. Because the electrical length of the
antenna 1is resonant only at some spot frequencies, its
impedance will have some variations at the other frequencies.
Table 4 lists the antenna input impedance at the feed point.
A matching network that reduces these impedance variations
will be presented in Chapter IV. This second type of loading
will be used to compare with the first type of loading in

terms of the system's complexity and overall efficiency.

10




D1
x
D2 w W
150 m
D3 1.25 m
Y
107 m
D4
094 m
083 m
i 4 4

Figure 2.4 The Second 1.5 m Monopole Wire Antenna Loaded with
PIN Diodes '

11




TABLE 3

EZQdés Location (Meters) Switching
Frequency (MHz)

D1 1.250 60

D2 1.070 70

D3 0.940 80

D4 0.833 30

TABLE 4 ANTENNA INPUT IMPEDANCE

E Frequency (MHz) Input Impedance ()
B 30 11.34-3192.6
35 16.27-131.1
40 23.06-377.61
45 32.56-328.00
50 46.11+520.67
55 66.03+370.80
60 53.26+326.54
65 70.87+j66.79
70 52.10+3j26.44
75 66.72+359.82
80 48.63+319.23
85 60.20+346.86
u 90 50.32+325.66

12




C. AN UNLOADED 1.5 METER WIRE ANTENNA

The final scheme to be considered is an unloaded 1.5 meter
monopole with a complex matching network as shown in Figure
2.5. Input impedance will be generated over ten sub-bands
within 30-90 MHz. Tuning networks will be designed for each
sub-band. PIN diodes will be used to connect the matching
networks and the possibility of network switching will be
explored. The overall response of the network with the

parallel connections will be studied in detail in Chapter V.

D. THE BODE-FANO CRITERION

One of the fundamental problems in the design of
communication systems is transferring maximum power from a
generator to a load. Maximum power transfer can only be
achieved if the impedance presented to the generator is equal
to the source resistance. In the case of the unloaded
monopole antenna, the input impedance fluctuates rapidly with
frequency. A matching network is needed to match the antenna
input impedance to the generator resistance. The Bode-Fano
criterion sets an upper limit to the achievable bandwidth of
a complex load. Figure 2.6 illustrates a equivalent circuit

for the problem.

13




Matching
Network #1
30-31.5 MHz

DZ“:

31.5-34.5 MHz

il

D18

Figure 2.5 The Parallel Connection of the Matching Networks

E|D19

Matching
Network #10
7690 MHz
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C@ Ty NETWORK. a

Figure 2.6 Matching Network for an Arbitrary Load Impedance

For a match to be achieved, the maximum tolerance on the
match as well as the minimum bandwidth need to be considered.
Bode and Fano [Ref. 9] have studied limitations on the
achievable bandwidth for a given load and established that
there is an upper limit to this bandwidth for a given maximum
tolerance (VSWR).

The Transducer Power Gain (TPG), defined as the ratio of
the load power P, to the maximum power P, that can be delivered

by the generator as shown in Figure 2.5, is expressed as

TPG=.§1.=1-|FP, (2.1)

o

where I' is the reflection coefficient defined by

I'= 2, (2.2)

15




Z is the impedance presented to the generator, and Z, is the
source resistance. Therefore, the power rejected by the load
is

2_ _F
Ir2=1-3. (2.3)

(=4
If the generator were connected to the matching network by
means of a transmission line whose characteristic impedance is
equal to the source resistance, the voltage standing-wave

ratio (VSWR) on the line would be given by [Ref. 9]

_ 1+l
VSWR l—H (2.4)

The Bode-Fano criterion essentially gives a theoretical
limit on the minimum reflection coefficient magnitude that can
be obtained with an arbitrary matching network [Ref. 10]. The
minimum magnitude of reflection coefficient will determine the
best VSWR for matching. Figure 2.6 illustrates lossless
networks used to match a series R-C and a series R-L load
impedances.

The Bode-Fano criterion states that

» 1 2
fo in o) dw <TWiRC (2.5)

16




INo) Losxless

,_%

(a)

I'(w) Lossless

) matching

®)

Figure 2.6 (a) Series R-C (b) Series R-L
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- 1 TR
fo in FroT1d9s T (2.6)

where I'(w) is the reflection coefficient seen looking into the
arbitrary lossless matching network [Ref. 10] and w, is a
center frequency. The derivaticon of this result is given in
[9]. If the reflection coefficient is to be maintained less
than a specified maximum I, over a band width 4w, equations

(2.5) and (2.6) require that

]'ln dwsf ln-——AmlnI‘snw RC (2.7}

m n

1n.+ = 1 nR
fln dw < o nr AmlnF §—= 3

m o

It can be concluded that a broad bandwidth (large Aw) can only
be achieved at the expense of high reflection coefficient T,
in the passband. Therefore a perfect match can only obtained
at a finite number of frequercies [Ref. 10]. Two other cases,
a parallel RC and a parallel RL may also be considered using
the Bode~Fano limit. However, the input impedance of an
electrically small antenna is in the form of series RC
confiquration. As an example, at a frequency of 30 MHz the
1.5 m long unloaded monopole antenna has an input impedance of
9.8-7194.3 ohms (see Table 2). This impedance may be thought
of as being produced by a capacitor of value 27.3 pF in series

18




with a resistor of 9.8 ohms. According to equation 2.7, the
maximum bandwidth over which a VSWR less than 2:1 ratio can be
maintained is 4.3 MHz. In practice, the bandwidth achievable
is less than this theoretical maximum. Thus, there is a
fundamental 1limit to the achievable bandwidth of an
electrically small antenna with low input resistance and
relatively high Q = 1/(w,RC). This is the rationale for
dividing the frequency band into a number of sub-bands and

designing matching networks for each narrow band.

19




III. MONOPOLE LOADED WITH PIN DIODES-I

As discussed in the previous chapter, two techniques of
loading the antenna are considered in this research. 1In this
chapter, we study the first loading technique. In this case
the placement of the diodes on the antenna is determined by
the requirement that the antenna have the same electrical
length at some spot frequencies. The second loading technique
is considered in the next chapter. First, the parameters of
the diode will be described. Then the antenna input
impedance, radiation patterns and efficiency will Dbe
discussed. Finally, the results obtained from MATCHNET and

TOUCHSTONE will be discussed.

A. PIN DIODE STATES, IMPEDANCE AND LOCATIONS
1. Diode States

The locations of the diodes on the monopole were
determined by the requirement that the electrical length of
the antenna be approximately the same over the frequency band
of 30 to 90 MHz. The monopole is designed to have the same
electrical length of 0.154 at 30, 45, 60, 75 and 90 MHz. The
ON and OFF states of the diodes depend entirely on the
operating frequencies. Table 5 illustrates the states of each

diode with respect to the operating frequency.

20




2. Diode Impedance
The parameters of the diodes have been discussed in
the previous chapter. Table 6 illustrates the impedance of
the PIN diodes in their ON and OFF states with respect to the
frequency. All PIN diodes were assumed to be identical.
3. Actual Diode Locations
The monopole was modeled by the WIRE program using 50
segments. The WIRE program divides the 1.5 m antenna into
segments and assigns pulse number to each one of the segments.
Loads can only be placed at the junction between two segments,
Because of this the actual location of the diodes may differ
slightly from the required location. The required locations
of the diodes are shown in Table 1 of Chapter II. Table 7
shows the locations of the diodes and the pulse numbers as

generated by the WIRE program,

21




TABLE S5 THE DIODES STATES

Frequency | Diode #4 Diode #3 Diode #2 Diode #1
(MHZ) {D4) (D3) (D2) (D1)
30 ON ON ON ON
35 ON ON ON ON
40 ON ON ON ON
45 ON ON ON OFF
50 ON ON ON OFF

{

w55 ON ON ON OFF
60 ON ON OFF OFF
65 ON ON OFF OFF
70 ON ON OFF OfF
75 ON OFF OFF OFF
80 ON OFF OFF QOFF
85 ON OFF OFF OFF
90 OFF OFF OFF OFF

22




TABLE 6 DIODE IMPE
7=

DANCE DURING THE ON AND OFF STATES

orr staze STATE

Frequency (MHz) D1=D2=D3=D4 (kfl) D1=D2=D3=D4 (Q)

30 10-32.653 3+30.1131

35 10-3j2.274 3+30.1319

40 10-351.989 3+j0.1510

45 10-31.768 3+30.1696

50 10-31.591 3+30.1885

55 10-3j1.447 3+30.2073

60 10-j1.326 3+30.2262

65 10-31.224 3+70.2450

70 10-31.137 3+30.2639

75 10-3j1.061 3+30.2830

80 10-30.994 3+30.3016

85 10-30.936 3+350.3204

90 10-30.884 3+30.3401
TABLE 7 DIODE LOCATIONS IN THE WIRE PROGRAM

Diodes Pulse No. Actual Required

Distance (m) Distance (m)

D1 34 0.99 1.00
ﬂ D2 26 0.75 0.75
EDB 21 0.60 0.60
E D4 18 0.51 0.50




B. THE ANTENNA INPUT IMPEDANCE

Once all the necessary information has been entered into
the WIRE program, it computes the input impedance, current
distribution and radiation pattern of the antenna. The input
impedance of the antenna is shown in Table 2 of Chapter II.
The input impedance of the antenna is capacitive over the
entire bandwidth because the electrical length was maintained

relatively constant around 0.15A.

C. ELEVATION PLANE RADIATION PATTERNS

The radiation patterns were also obtained from the WIRE
program, The output data files from the WIRE program were
exported into Matlab for plotting and adding pertinent
information. Figure 3.1 illustrates the radiation patterns
over a perfect ground plane within the 30 to 90 MHz frequency
band. At 30 MHz the antenna has siightly larger 3 dB
beamwidth than at other frequencies. From 45 to 90 MHz, the
radiation patterns are approximately the same as can be seen
from Figure 3.1. Overall we see that the radiation pattern is

more or less constant over the entire band.
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Figure 3.1 The Antenna Radiation Pattern
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D. THE ANTENNA EFFICIENCY

The efficiency of the loaded antenna can be determined
from the current distribution on the antenna. The unloaded
antenna can be regarded as a lossless antenna. Assuming that
the base metal for the antenna is aluminum, its total loss
resistance R, can be calculated using [Ref. 11]

A [T (3.1)

loss a 20

where
h = height of the antenna
a = radius of the antenna
f = frequency in MHz
¢ = conductivity in S/m (3.57x10" S/m for Al).

At a frequency of 30 MHz the 1.5 m high, 0.5 cm radius
monopole will have a loss resistance R,,, of 0.2 ohms. The
radiation resistance of the same monopole at 30 MHz is 9.8
ohms. Thus, the radiation efficiency of the unloaded monopole
is 98% at 30 MHz. Therefore, the unloaded monopole can be
considered lossless, and the losses on the loaded monopole
attributed entirely to loading by the PIN diodes. The
efficiency 1, of the loaded monopole can be obtained by the

expression

na=(1-§’ ) 100 (3.2)

In

26




where

4
P,=%21RS(ZD) |1,]? (3.3)
Pio=2Re(Z),) | 1,,? (3.4)
and
P, = power loss due to loaded diodes
Z, = diode impedance
I, = current through diode

P,,= input power to the antenna

I,,= input current to the antenna

Z;,= antenna input impedance.

The current distribution on the antenna can be obtained
from the WIRE program. Table 8 shows the magnitude of the
current through the diodes and input power to the antenna for
a 1 volt input voltage. Figure 3.2 shows the antenna
efficiency as a function of frequency. The reduced efficiency
relative to the unloaded antenna is due to the insertion loss

of the diodes.

27




TABLE 8 DIODE CURRENT MAGNITUDE AND INPUT POWER

Freq. D, D, D, D, P,
(MHz) (mA) (mA) (mA) (mA) (rW)
30 2.030 2.830 3.290 3.560 0.180
35 3.200 4.410 5.090 5.480 0.535
40 5.670 7.720 8.840 9.44 1.929
h45 0.160 1.770 2.630 3.110 0.326
50 0.196 2.370 3.510 4.140 0.600
55 0.251 3.310 4.870 5.720 1.211
60 0.035 0.154 1.650 2.410 0.341
65 0.041 0.179 2.060 3.010 0.548
70 0.050 0.214 2.640 3.840 0.926
75 0.016 0.036 0.148 1.384 0.345
hBO 0.018 0.040 0.167 1.654 0.507
ISS 0.022 0.046 0.192 2.000 0.768
ﬂ 90 0.012 0.017 0.039 0.145 0.389
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Figure 3.2 The Antenna Efficiency
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E. MATCHING NETWORK FOR THE ANTENNA

For the monopole loaded with diodes we designed a single
matching network from 30 to 90 MHz. A VSWR of 2:1 or less was
required which implies that the reflection coefficient, T', be
less than 1/3. We may apply the Bode-Fano criterion to see if
it is possible to obtain this match over the entire band. The
impedance characteristics of the antenna are shown in Table 2.
We treat the antenna approximately as a series RC network,
with the R and C values corresponding to the impedance at the
geometric mean frequency of about 50 MHz. Using Af = 90-30 =
60 MHz, f, = 50 MHz, 1/(w,C) = 134.5 ohms and I', = 1/3, we see
that the resistance needs to be at least 56.4 ohms. The real
part of the antenna input impedance is only 22 ohms. Hence,
40 ohms is added in se:.es with the antenna to ensure that the
VSWR will be less than 2:1. This, however, increases the
transmission loss.

The matching network is a 2-port device inserted between
the generator and the antenna plus the 40 ohms series
resistance. The generator is connected to port number 1, and
the antenna is connected to port number 2. The reflection
coefficient seen looking into port 1 when all other ports are
terminated in matched loads is the scattering parameter S,,.
S,; is the transmission coefficient from port 1 to 2, when all
other ports are terminated in matched loads [Ref. 10].

First a matching network was synthesized and optimized

using the program MATCHNET, then the synthesized matching
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network was simulated and further optimized by TOUCHSTONE.
Both lossless and 1lossy inductors were considered in the
simulation.
1. MATCHNET Rasults

Table 9 illustrates the output circuit file from
MATCHNET. A lowpass response and six degrees were chosen for
this matching network. The number of the elements in the
output file depends on the degree chosen. The output file
gives the values and the configuration of the circuit. This

result will be used to create TOUCHSTONE circuit files.

TABLE 9 OUTPUT CIRCUIT FILE FOR THE FIRST SUB-BAND

The Lumped Element Design

From The Generator To The Load

Series Inductor 4.500E-007 H
Shunt Inductor 2.300E-007 H
Series Capacitor 8.060E-011 F
Shunt Capacitor 9.400E-011 F
Series Capacitor 1.200E-009 F
Shunt Inductor 1.400E-007 H

-Lossless Capacitors -Lossless Inductors
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2. TOUCHSTONE Results
A circuit file for TOUCHSTONE was constructed using
the result from MATCHNET. TOUCHSTONE also regquires an input
file of the antenna reflection coefficient. The antenna
reflection coefficient referenced to 50 ohms is
Z2,-50

= a
S1=Feg (3.5)

a

where Z, is the input impedance of the antenna. A TOUCHSTONE
circuit file, input file, and output file for this case are
listed in Appendix D. After optimization, the final element
values in the TOUCHSTONE circuit file turned out to be
significantly different from the values listed in Table 9.

Figure 3.3 shows the final response of the antenna
with matching network. We see that |S,,| is well below -10 dB
which means that the VSWR in the passband is 2:1 or better.
A relatively constant |S,,| is seen over the entire frequency
band. The reductior. in |S,| is due to the added series
resistance. Figure 3.4 shows a schematic of the matching
network.

The responses of Figure 3.3 are based on lossless
inductors and capacitors. Lossy inductors with a Q of 75 were
also used in a simulation, but the responses in this case were
the same as in the lossless inductor case. Thus, lossy
inductors did not affect the output responses shown in Figure

3.3. The circuit and output files are listed in Appendix D.
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Figure 3.3 The Simulation Response
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The magnitude of S,, squared is the power transferred
from the generator to the antenna. Thus, the maximunm
available power transferred to the load is between 24% to 34%,
but the overall transfer of power to radiated fields will be

lower because the antenna itself is not lossless.

F. OVERALL EFFICIENCY

To obtain the loss in power transferred from the source to
free space we look at the overall efficiency 9,|/S,|*. Figure
3.5 illustrates the overall efficiency of the system. The
efficiency varies between 17% and 24%. Compared to a
resistively loaded monopole antenna of {Ref. 1] where the
overall efficiency varied between 6% at the lower frequency to
28% at the high €frequency. The present design 1is better
because the overall efficiency remains relatively constant
over the entire band. Further discussion and compa: .sons will

be made in the subsequent chapter.
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IV. MONOPOLE LOADED WITH PIN DIODES-II

The input reactance of the antenna using the first loading
technique was capacitive over the entire frequency band. It
is difficult to design a low-loss matching network for a
highly capacitive load. Consequently S,, was reduced in the
first loading technique. In an attempt to improve on the
efficiency of the first lcading technique, we tried other
locations for placing the diode. The locations in this case
are determined by making the antenna resonant at selected spot
frequencies. Recall that the first resonance occurs when the
monopole length is around 0.25A. The present choice should
therefore result in higher efficiency particularly at the
higher frequencies. 1In contrast, the electrical length was
maintained at 0.15A4 in the previous chapter. Figure 2.2 shows
the locations of the diodes on the antenna.

The procedures for obtaining the pattern and VSWR are
similar to those discussed in the previous chapter. The diode
states, impedances, and locations will be discussed first. The
antenna input impedance and its elevation plane radiation
patterns will be discussed next. Since the monopole is loaded
with diodes, it cannot be considered lossless; therefore, the
antenna efficiency will be discussed separately. Finally, the
design of MATCHNET and the results from TOUCHSTONE will be
presented.
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A. PIN DIODE STATES AND LOCATIONS

1.

respect to the operating frequency.

Diode States

Table 10 illustrates the state of each diode with

TABLE 10 THE DIODES STATES

Frequency =;::::=:?===T;;:;:=:;=‘ Diode #2 ;T:::=:T===
(MHZ) (D4) (D3) {D2) (D1)
30 ON ON ON ON
35 ON ON ON ON
40 ON ON ON ON
45 ON ON ON ON
50 ON ON ON ON
55 ON ON ON ON
60 ON ON ON OFF
65 ON ON ON OFF
70 ON ON OFF OFF
75 ON ON OFF OFF
80 ON OFF QFF OFF
85 ON OFF OFF OFF
90 OFF OFF OFF OFF
2. Diode Locations
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Table 11 illustrates the locations of the diodes with

respect to pulse numbers in the WIRE program.

t Diodes Pulse No. Actuai Required |
i Location (m) Location (m)
@94 29 0.840 0.833

D3 32 0.930 0.940

D2 37 1.080 1.070

D1 43 1.260 1.250
| I S—— B .

B. THE ANTENNA INPUT IMPEDANCE

The input impedance, current distribution, and radiation
pattern of the antenna were obtained by using the WIRE program
as discussed in the previous chapter. The input impedance of
the antenna is shown in Table 4. The antenna is highly
capacitive at the lower end of the bandwidth, and becomes
inductive beyond the first resonant frequency of 50 MHZ. Even
here the high capacitance and low resistance at the lower end

of the band poses problems in the design of the matching

network.
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C. ELEVATION PLANE RADIATION PATTERNS

The radiation patterns for the present case Wwere also
obtained from the WIRE program. Figure 4.1 illustrates the
elevation plane over perfect ground plane for different
frequencies. The 3 dB beamwidth at 30 MHz is slightly wider

than the others. The radiation patterns remain roughly the

same from 50 to 90 MHz.

Elevation Plane Patterns

~— 30 MHz
0.8 - 40 MHz

.. 50-90 MHz
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Figure 4.1 The Antenna Radiation Pattern
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D. THE ANTENNA RADIATION EFFICIENCY

The efficiency of the antenna was deter..ined by equations
3.2, 3.3 and 3.4. Table 12 shows the magnitude of the current
and input power to the antenna for a unit voltage applied at
the feed.

Figure 4.2 illustrates the antenna efficiency versus the
frequency. Due to losses in the PIN diodes, the loaded
monopole has a non-ideal efficiency between 85.0% and 92.0%.
Compared to the previous case shown in Figure 3.2, we see that
this antenna has a higher efficiency. This is due to the

longer electrical length.

TABLE 12 DIODE CURRENT MAGNITUDE AND INPUT POWER

Freq. D4 D3 D2 D1 Pin
(MHz) (mA) (mA) (mA) (ma) (mW)
30 2.537 2.238 1.720 1.061 0.152
35 3.979 3.523 2.721 1.685 0.466
40 7.064 6.278 4.874 3.032 1.759
45 14.70 13.12 10.24 6.403 8.828
50 14.00 12.56 9.867 6.198 9.029
| 55 8.340 7.519 5.948 3.456 3.522
60 9.969 8.266 5.093 0.413 7.520
65 6.863 5.701 3.529 0.266 3.736
70 7.428 5.100 0.402 0.092 7.632
75 5.388 3.706 0.274 0.062 4.154
80 4.214 0.429 0.099 0.042 8.891
85 3.167 0.304 0.070 0.030 5.172
90 0.367 0.100 0.044 0.026 7.866
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Figure 4.2 Antenna Efficiency
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E. THE RESULTS FROM MATCHNET AND TOUCHSTONE

We attempted to design a single matching network for the
antenna shown in Figure 2.2. However, due to a high Q
(=1/(woRC)) at the lower end of the frequency band, the
reflection coefficient,I', was too high for the network to be
useful. In order to design matching networks with an
acceptable VSWR we considered dividing the frequency range
into two smaller bands; the first from 30-45 MHz, and a second
from 45-90 MHz. To determine whether acceptable matching
networks could be designed over these sub-bands, we apply the
Bode-Fano criterion. For example in the first sub-band, Af is
15 MHz, the geometric mean frequency fo is around 35 MHz and
the imaginary part of the input impedance of the antenna from
Table 4 is -131.1 Q. 1In order to achieve a VSWR < 2.0, the
real part of this complex load should be greater than 20 ohms.
The real part of the antenna input impedance however is 16.27
ohms. Hence we need to add at least 4 ohms in series with the
antenna to achieve a VSWR < 2.0.

The approaches to synthesizing, optimizing, and simulating
the matching networks are the same as those discussed in
Chapter III. First, matching networks were synthesized and
optimized by using MATCHNET. Next, the synthesized matching
networks were simulated and further optimized by TOUCHSTONE to
obtain the optimum responses. When the optimum responses for

each sub-bands are achieved, the circuits were connected in
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parallel via PIN diodes, and further optimized to account for
coupling effects and PIN diodes losses.
1. MATCHNET Results

Table 13 and 14 show the input data files for the two
sub-bands. Table 13 indicates that the real part of the input
impedance at 30 MHz is quite low. In order to achieve a
minimum reflection coefficient, a 30 ohms resistance was added
to the real part of the antenna in the first sub-band. The
added resistance will minimize I' at the expense of S21. No
resistance is necessary for the second sub-band. Table 15 and
16 illustrate output circuit files from MATCHNET corresponding
to the input files in Table 13 and 14. The output files give
the values of the elements and the configuration of the
circuit. The results from the output files were used to
create TOUCHSTONE <circuit files for simulation and

optimization.
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TABLE 13 MATCHNET INPUT FILE FOR THE FIRST SUB-BAND

R 50 A l

Frequency Real Part Imaginary Desired Mag.
(Hz) Impedance (Q) ﬁgft Imped. of S21

3.0e7 11.34 -192.6 0.98

3.5e7 16.27 -131.1 0.98

4.0e7 23.06 -77.61 0.98

4.5e7 32.26 -28.00 0.98

TABLE 14 MATCHNET INPUT FILE FOR THE SECOND SUB-BAND

R 50 2 A

Frequency Real Part Imaginary Desired Mag.
(Hz) Imped. (Q) ?3§t Imped. of S21

4.5e7 32.56 -28.00 0.98

5.0e7 46.11 20.67 0.98

6.0e7 53.26 26.54 0.98

7.0e7 52.10 26.44 0.98

8.0e7 48.63 19.23 0.98

9.0e7 50.32 25.66 0.98
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TABLE 15 OUTPUT CIRCUIT FILE FOR THE FIRST SUR-BAND

— — ]

The Lumped Element Design

Series Capacitor 5.000E-011 F
Shunt Inductor 1.600E-006 F
HSeries Inductor 6.150E-007 H
Shunt Inductor 1.400E-007 H
Shunt Capacitor 1.410E-010 F
Series Inductor 5.000E-007 H

-Lossless Capacitors -Lossless Inductors

TABLE 16 OUTPUT CIRCUIT FILE FOR THE SECOND SUB-BAND
.
uThe Lumped Element Design

Shunt Inductor 8.500E-007 H

Series Capacitor 1.598E-009 F

H-Lossless Capacitors -LlLossless Inductors

— e

2. TOUCHSTONE Results

The circuit files for TOUCHSTONE were constructed
using the results from MATCHNET. TOUCHSTONE also needs the
antenna impedance data in the form of scattering parameters as
discussed in Appendix C and Chapter III. The circuit output
and input files of TOUCHSTONE are listed in Appendix E.
First, each sub-band was simulated and optimized individually.
After the optimum responses were achieved, the circuits were
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connected in parallel by means of PIN diodes and further
optimization was performed.
a. Idividual Responses

Figure 4.3 shows the response of the individual
network in the first sub-band. S11 is well below -10 dB
implying that the VSWR in the passband is bette: than 2:1.
Only a small portion of maximum available power, about 9%
according to Figure 4.3, 1is reflected. However the power
transferred from the generator to the load, |S2112, is only
between 20% to 42%. This is due to losses in the matching
network. The overall radiation efficiency will be even lower
because of losses on the antenna.

No resistance was added to the second sub-band
because the real part of the complex load meets the Bode-Fano
criterion. It is also easier to design a matching network for
this case because of the lower Q of the antenna. Figure 4.4
illustrates the response of the matching network for the
second sub-band. The value of |$21l2 for this band is between
90% to 95%.

The two circuits were connected in parallel using
PIN diodes as switches. A final simulation and optimization
was performed to account for the coupling effects and PIN

diodes losses. The two circuits are listed in Appendix E.
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b. Parallel Connection Responses

The added resistance is now part of the matching
network. The values of the elements and the added resistance
were varied slightly in the parallel connection after
optimization. Further optimization was done for each sub-band
to account for the coupling effects and PIN diode resistance.
The final valuer for all the elements are in TOUCHSTONE
circuit files in Appendix E. The parallel connection used the
same input files as the individual network.

figure 4.5 illustrates the response in the first
sub-band of the parallel connection after optimization. The
S21 response is basically the same as in Figure 4.3. However,
the S11 response changed slightly, but is still well below ~-10
dB. Initially, 30 Q was added to the circuit to counteract the
high reflection coefficient at the lower end of the frequency
band. After optimization in the individual circuit, the added
resistance was changed from 30 Q to 40 Q to achieve optimum
response. The 40 Q resistance in the individual circuit
changed to 27 Q after optimization in the parallel circuit
connection. The forward biased resistance of the PIN diodes
is 3 0 when switched ON as shown in Table 9. Therefore, the
final value for the added resiscance was optimized to 27 Q as
predicted by Bode-Fano criterion. The presence of the diodes

did not affect the responses significantly.
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Figure 4.6 illustrates the response in the second
sub-band for the parallel connection. The response of S21
changed by about 0.5 dB from the individual response. The
effect is due to the two PIN diodes which introduce 6 Q into
the matching network when they are switched ON. Further

optimization was done to compensate for the losses of the

diodes. However, the power transfer efficiency (|S21|2)
remained between 78% to B84%. Compared with that of the
individual response, there is a drop of about 11%. |s11l

remains well below -11 dB. The presence of the diodes has a
more pronounced effect on I s21l .

Figure 4.7 illustrates the integrated matching
network of the system. The PIN diodes are connected between
the generator and matching networks and between the matching
networks and antenna. Diodes D1 and D2 are switched ON and D3
and D4 are switched OFF between 30 and 45 MHz. The roles of
D1, D2 and D3, D4 are reversed for 45-90 MHz.

Lossy inductors with a Q of 75 were used to replace
the lossless inductors in the integrated matching network to
investigate the effects on the responses. The responses
remained basically the same as shown in Figure 4.5 and 4.6.
Therefore, the output plots are not shown, but the TOUCHSTONE

circuit and output files are listed in Appendix E.
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F. THE OVERALL POWER EFFICIENCY

To obtain the overall power efficiency of the antenna and
matching network, the power transfer efficiency in both sub-
bands were multiplied by the antenna efficiency shown in
Figure 4.2. Figure 4.8 1illustrates the overall power
efficiency. Low efficiency is still prevalent in the lower
end of the frequency band, but improves as the frequency
increases. The efficiency varies between 18% at low frequency
to 75% at high frequency. Compared to the first loading
technique, this method shows quite an improvement in the
overall power efficiency, particularly at the higher end. In
addition, the antenna and matching network are still

relatively simple.
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V. THE UNLOADED 1.5 METER MONOPOLE ANTENNA

In this chapter an unloaded monopole of length 1.5 m is
analyzed. Since it is impossible to design a single matching
network for the antenna with an acceptable VSWR over the
entire band of 30-90 MHz, matching networks are designed for
narrower bands and then connected using PIN diodes. The PIN
diode states will be switched as a function of frequency to
provide coverage over the entire band. Note that this scheme
works in situations where the instantaneous bandwidth required
is small and the carrier frequency is scanned over a wide band
such as in frequency hopping. Note that even though a tuning
network provides a good match in its own sub-band, there is no
guarantee that its performance will be acceptable when several
of these are connected as in the proposed scheme. However, in
the last chapter we have demonstrated that additional
optimization yields matching networks that perform well in an
integrated scheme. In Section A we present the impedance
characteristics of an unloaded antenna. In Section B we
present the design of the matching networks.

The matching networks are first simulated and optimized
individually, then they are connected in parallel using PIN

diodes for final simulation and optimization. Finally, the
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inductors are made slightly lossy and their effect on the

overall response is studied.

A. THE ANTENNA PARAMETERS

The antenna is the same as in the loa“ed monopole case
{1.5 m in height and 0.5 cm in radius), except that it is
unloaded. As discussed in Chapter III, if the base metal used
for the monopole is aluminum, it can be assumed lossless.
The frequency 1is partitioned into a number of bands as
discussed before. For a percentage bandwidth P, the upper and

lower frequencies of each sub-band are related as

_100+P (5.1)

S a0

where f, and f, are the upper and lower frequencies of each
band, respectively. We chose the bandwidth to be
approximately five percent for the first eight sub-bands and
ten percent for the remaining two sub-bands. The antenna
input impedance was obtained from the WIRE program and is

given in Appendix F. The impedance is highly capacitive at

the lower end of the frequency band as expected.
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B. THE DESIGN OF MATCHEING NETWORKS

In each case we apply the Bode-Fano criterion and